Aluminium and magnesium were used in the M/ZrSiO 4 /B 2 O 3 /C (M=Al, Mg) system to induce a mechanically induced self-sustaining reaction (MSR). Aluminium was not able to reduce the system to the desired products, and the system became amorphous after 10 hours milling. However, Nanocomposite powder of ZrB 2 -SiC-ZrC was in-situ synthesized by the magnesiothermic reduction with an ignition time of approximately 6 minutes. The mechanism for the formation of the product in this system was determined by studying the relevant sub-reactions.
Introduction
ZrB 2 , as one of the most important materials among the so-called Ultra-High
Temperature Ceramics (UHTCs), has excellent properties such as high melting point, high hardness and strength at room and elevated temperatures, good thermal and 2 electrical conductivities, low thermal expansion coefficient, chemical inertness, good oxidation resistance, and high thermal stability [1] .
ZrB 2 based ceramics have attracted much attention especially in the areas where wear-corrosion-oxidation resistance is demanded; such as high temperature electrodes, molten metal crucibles, thermal protection systems for hypersonic flights, atmospheric re-entry vehicles, rocket propulsion systems, and nose caps [2] [3] [4] . However, ZrB 2 is not only difficult to sinter, but also by itself does not meet all the necessary requirements demanded by the extreme conditions encountered in the aerospace engineering [5, 6] .
Consequently, ZrB 2 is usually employed in combination with other refractory ceramics.
SiC is one of the most widely used materials for making applicable composites with ZrB 2 [7] [8] [9] [10] . This is because SiC can improve sinterability, oxidation resistance, and mechanical properties of zirconium diboride. ZrC is another suitable material which can be added to ZrB 2 as a sintering aid as well as a reinforcement. Tsuchida and Yamamoto [11] synthesized ZrB 2 -ZrC composite by mechanically activated self-propagating high temperature synthesis (SHS) in a Zr/B/C elemental system. ZrB 2 -SiC-ZrC composites have also been developed by a number of researchers through various methods such as spark plasma sintering of blended materials [12, 13] , inducing reaction in the Zr/Si/B 4 C system during heating followed by hot pressing [14] , and reactive hot pressing in the Zr/Si/B 4 C system [15] .
When an SHS reaction is induced by the high-energy ball milling of reactants after a critical milling period, called the ignition time, such a mechanochemical process is referred to as the mechanically induced self-sustaining reaction (MSR). In contrast to the conventional SHS procedure, the MSR process has the side benefit of performing the followings in a single step: the mixing of the reactants, the subsequent homogenization of the products, and the extreme particle size reduction of both reactants and products.
Literature survey shows a great attention to the metallothermic reduction of ZrO 2 and B 2 O 3 for the preparation of ZrB 2 , because of using cheaper raw materials as well as taking advantage of the high exothermic nature of the involving self-sustaining reactions compared to the other synthesis routes [16] [17] [18] [19] [20] [21] .
Zircon (ZrSiO 4 ), as a joint source of zirconium and silicon, can be employed for the synthesis of ZrB 2 -SiC-based composites, which has not been significantly used so far. The aim of the present work was to investigate the preparation of ZrB 2 -SiC-ZrC composite powder by using ZrSiO 4 , B 2 O 3 , and graphite as the starting materials and aluminum and magnesium as the reducing agents, by means of a mechanically induced self-sustaining reaction (MSR).
Experimental
ZrSiO 4 (98%, Alfa-Aesar, USA), B 2 O 3 (98%, Fluka, USA), graphite (99%, Fluka, USA), Al (99%, Aldrich, USA) and Mg (99%, Riedel-deHaen, Germany) powders were used as starting materials to prepare the target products. Initial materials were subjected to the high-energy ball milling in a modified planetary ball mill (Pulverisette7, Fritsch, Germany). The rotational speed and ball-to-powder mass ratio were 600 rpm and 30:1, respectively. The milling vial and balls (15 mm) were made of hardened chromium steel. All milling experiments were conducted under 5 bar of high-purity argon gas. The vial was purged with argon gas several times, and the desired pressure was adjusted before the start of the milling. The connection of the vial to the gas cylinder was maintained during the milling experiments by a rotating union and a flexible polyamide tube. The pressure change versus time was monitored by a SMC solenoid valve (model 4 EVT307-5DO-01F-Q, SMC Co .
, Tokyo, Japan) to record the ignition time. A sharp peak due to the pressure rise appears when an MSR reaction occurs. The position of this peak shows the ignition time. The system used in this work has already been illustrated elsewhere [22] . Magnesium oxide by-product was removed by leaching the as-milled powder in a 1M-HCl solution at 80 °C for 1 h.
Structural features of the samples were investigated using X-ray powder diffraction (XRD) analysis by means of a PANalitycal X'Pert diffractometer (45 kV, 40 mA) with Cu Kα radiation (λ=0.15406 nm). Scanning electron microscopy (SEM)
images were obtained by a Hitachi S-4800 SEM-Field Emission Gun microscope.
Transmission electron microscopy (TEM) images were taken using a 200 kV Philips CM200 microscope equipped with a SuperTwin objective lens and a tungsten filament (point resolution Ø=0.25 nm). Powdered samples were dispersed in ethanol, and droplets of the suspension were deposited onto a holey carbon film.
Results and Discussion

Aluminothermic reduction
If aluminum is selected as the metallic reducing agent, the main reaction is as follows:
ΔG°2 98 = -975 kJ/mol, ΔH°2 98 = -1005 kJ/mol, T ad ≈ 2320 K Above reaction has suitable thermodynamic criteria to exhibit an SHS behavior.
However, no change in the internal pressure of the vial was observed during a long-term milling. 
Magnesiothermic reduction
Because aluminium did not succeed to reduce the system, magnesium was selected as the reducing agent due to its more reducibility. The overall reaction was considered as the following equation:
6 ΔG°2 98 = -1270 kJ/mol, ΔH°2 98 = -1300 kJ/mol, T ad ≈ 2750 K Above reaction also is highly exothermic with a very high adiabatic temperature (T ad ) which implies that the reaction can proceed in an SHS mode [23] . Stoichiometric amounts of the starting materials were milled under the conditions mentioned earlier.
The change of internal pressure of the vial versus milling time is shown in Fig. 3 . A large pressure rise was observed during milling, confirming the occurrence of a severe exothermic reaction after a short ignition time of 6 min. 4 shows the XRD pattern of a sample milled for 3 hours in which zircon phase was entirely disappeared. Dissolution of magnesium oxide was carried out using a 1M-HCl solution. The XRD pattern of the leached sample after 3 h milling is also shown in Fig.   4 . It can be observed that MgO was completely removed and the remaining product is a composite of ZrB 2 -SiC-ZrC.
According to the reaction (2), ZrC is not expected to be present among the products, but as seen in Fig.2 , it is an inevitable (but valuable) by-product in this system. The formation of ZrC can be explained by the following reaction mechanism.
At the ignition point, magnesium reduces boron oxide and zircon to yield elemental boron, silicon, and zirconium. Therefore, Si, Zr, B, and C elements are now present in the system. Fig.5 shows the standard free energy of the formation of various possible compounds containing these elements. It is clear that ZrB 2 has the most negative free energy value; hence, boron has the greatest tendency to react with zirconium to form zirconium diboride. The stability diagram exhibits that ZrC has a fairly high tendency of formation in comparison to the other compounds. Therefore, the formation of a small amount of zirconium carbide through the reaction between zirconium and carbon, appears to be inevitable. Concurrent formation of ZrB 2 and ZrC has also been reported by other researchers [24] . Afterwards, the reduced silicon and remained carbon can and Mg/ZrSiO 4 systems were separately mixed according to the reactions (3) and (4) and milled under the similar conditions. In the case of reaction (3), the MSR reaction occurred and the ignition time was found to be about 8 min (Fig. 6) . The XRD patterns of initial materials alongside with a sample milled up to the ignition point (8 min) are shown in Fig. 7 . It can be seen that the ignited sample contained magnesium oxide together with a small amount of the unreacted starting magnesium due to the reasons stated previously. Elemental boron cannot be observed in the pattern, most likely due to its amorphous state because of the extremely high heating and cooling rates at the ignition point. A small amount of an MgO-rich spinel (3MgO.B 2 O 3 ) was also formed after the ignition. The formation of this spinel phase can be explained as a consequence of the reaction between MgO as the reaction product and remaining boron oxide.
For reaction (4), as expected from thermodynamic prediction, no pressure rise was observed throughout the milling time. system. As previously mentioned, all these different steps occur simultaneously.
The electron microgarphs of a sample milled for 3 h are shown in Fig. 9 . As SEM micrograph shows, the micrometric agglomerates are observed to contain submicrometric and nanometric particles with semi-spherical morphologies. TEM micrograph in Fig. 9 (b) shows a nanoparticle of hexagonal ZrB 2 single crystal (~ 110 nm in diameter) surrounded by MgO nanoparticles.
Conclusions
High energy ball milling technique was successfully applied for the mechanosynthesis of 
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